Whereas the evolution of snow cover across forested mountain watersheds is difficult to predict or model accurately, the presence or absence of snow cover is easily observable and these observations contribute to improved snow models. We engaged citizen scientists to collect observations of the timing of distributed snow disappearance over three snow seasons across the Pacific Northwest, U.S.A. . The primary goal of the project was to build a more spatially robust dataset documenting the influence of forest cover on the timing of snow disappearance, and public outreach was a secondary goal. Each year's effort utilized a different strategy, building on the lessons of the previous year. We began by soliciting our professional networks to contribute observations via electronic or paper forms, moved to a public outreach effort to collect geotagged photographs, and finally settled on close collaboration with an outdoor science school that was well-positioned to collect the needed data. Whereas the outreach efforts garnered abundant enthusiasm and publicity, the resulting datasets were sparse. In contrast, direct collaboration with an outdoor science school that was already sending students to make weekly snow observations proved fruitful in both data collection and educational outreach. From a data collection standpoint, the shift to an educational collaboration was successful because it essentially traded wide spatial coverage combined with sparse temporal coverage for dense temporal coverage at a single, but important location. From a public engagement standpoint, the partnership allowed for more intensive participation by more people and enhanced the science curriculum at the collaborating school.
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]. Hydrologic models attempt to incorporate the physical influences of forest cover on snow processes, but are limited by approximations of physical processes that are based on site-specific field data that may lack transferability to different climates and forests [Clark et al., 2015] . In particular, observational data documenting snow cover patterns, which represent the spatial variability of the timing of snow disappearance in forested mountain watersheds are needed because the net effect of forest cover on snow can be to delay or accelerate the date of snow disappearance relative to open areas . Subsequently, the timing of snow disappearance influences soil moisture availability, streamflow amount, and stream temperature during the dry summer season in the mountains of the American West [Ford et al., 2013; Lundquist, Dettinger and Cayan, 2005] . By capitalizing on the presence of hikers, skiers, snowmobilers and others who are often in "the right place at the right time" to observe snow cover patterns, a citizen science approach has the potential to yield critical data to further understanding of snow processes and to test watershed models.
Improved estimates of the effect of forest management actions, such as thinning or clear-cutting, on the timing of snow disappearance are relevant to land managers who consider multiple objectives when making decisions, including forest resilience to insect outbreaks, aquatic ecosystem health, fire fuels management, and adaptation to climate change. Previous work has supported the creation of forest gaps as a way to retain snow on the landscape [Dickerson-Lange et al., 2015] and thus shift the timing of peak spring streamflows to later in the year (i.e., due to later snowmelt [Ellis, Pomeroy and Link, 2013] ) to the benefit of late season water supply and ecosystem health. However, this management strategy is likely to have the intended effect only within a specific set of conditions. The magnitude and direction of forest influences on snow processes, such as snow accumulation and melt, depends on winter climate , topographic position such as north-versus south-facing slopes [Ellis, Pomeroy and Link, 2013] , and forest composition and density [Kittredge, 1953] .
Thus, in order to support an ongoing effort to develop management-relevant maps of where forest is likely to delay versus accelerate snow disappearance in the Pacific Northwest, U.S.A., additional field data documenting the differential timing of snow disappearance between forested and non-forested areas are needed. Unfortunately, such observational data are limited in both temporal and spatial coverage because field campaigns are expensive, time-consuming and hindered by access issues [Elder and Cline, 2003] . Furthermore, satellite methods to detect snow cover are uncertain within forests because the tree canopies obscure the ground surface conditions . Therefore, even after incorporating field data from a network of collaborating institutions across the region into this project there are still critical data gaps in parts of the region including eastern Washington, eastern Oregon, and central Idaho, each of which has unique climate and forest conditions (Figure 1a ).
Since the beautiful mountain landscapes that attract outdoor enthusiasts are home to the same locations in which additional forest-snow observations are needed, engaging the people who already recreate there in collecting data seems ideal. Furthermore, with a particular interest in the snowmelt season (i.e., spring and summer), skiers who are seeking spring snow and hikers who are seeking snow-free routes are well-positioned to collect data at the optimal time to capture differential timing of snow disappearance across forested and open areas. This model of opportunistic citizen science has previously proven successful in locations that people are motivated to visit, such as to see the wildflowers bloom on Mount Rainier each summer [Wilson et al., 2015] . Many successful citizen science projects leverage large numbers of observations to develop robust spatial or temporal resolution, and to reduce the uncertainty associated with amateur data collectors. For example, one million bird observations are submitted from around the world each month as part of the bird observation programs implemented by the Cornell Lab of Ornithology [Bonney et al., 2009] . The utilization of citizens to collect large numbers of data points is typically associated with minimal training, and this strategy has been described as utilizing citizens as sensors [Haklay, 2013] or as crowdsourcing in a framework of the possible levels of engagement of citizen scientists (hereafter "level 1").
In the same model [Haklay, 2013] , the next level of participation (hereafter, "level 2") involves more training in order to develop interpretation skills, relying on participants to complete some basic interpretation while collecting data. The data collected by citizens who are participating in a level 2 project are likely to be higher quality, but since data collection involves more training and therefore is more time and energy-intensive, a level 2 project is also likely to engage fewer people. Many successful school-based citizen science programs occur at this level, in which teachers provide instruction, a framework for participation, and assistance in making decisions about when and where to collect data [Rock and Lauten, 1996; Eick et al., 2008] . Such programs have been shown to generate high quality data [Peckenham and Peckenham, 2014; Lawless and Rock, 1998; Galloway, Tudor and Haegen, 2006] in addition to improving educational outcomes [Bingaman and Eitel, 2010; Schon et al., 2014] .
Although citizen science arguably has its roots in ecology in general [Silvertown, 2009] , and surveys in particular, many previous efforts have successfully incorporated citizen science in hydrology [Buytaert et al., 2014] These investigations have focused primarily on water quality [Peckenham and Peckenham, 2014] or water quantity in the form of precipitation [CoCoRaHS, 2015] or streamflow [Lowry and Fienen, 2013] . Previous snow hydrology investigations to formally utilize citizen scientists are limited, as far as we are aware, to a snow study that involves tweeting point snow depth values (http://scistarter.com/project/205-SnowTweets?tab=project, accessed 14 May 2015) but citizen observations of snow presence and conditions are certainly included in backcountry snow reports utilized by the recreation community (e.g., http://www.wta.org/go-hiking/trip-reports, accessed 14 May 2015) and on social media.
In addition to providing a method to collect spatially distributed data, citizen science has been shown to have key benefits for public engagement. Projects have yielded positive social benefits by enhancing community collaboration [Borden et al., 2007] increasing participation in locally-relevant environmental issues [Cooper et al., 2007] and guiding development of land management strategies [Rosenberg et al., 2003] . Bonney et al. [2014] further predict that increased implementation of citizen science holds potential for strengthening the relationship between scientific efforts and society. Since the ongoing forest-snow investigation described here has potential management applications, communication with land managers and public stakeholders is a key project goal, and a citizen science approach provides an avenue to engage the public in addition to collecting data. Thus, in March 2012, we moved forward with enthusiasm for the idea but few analogous models for utilizing citizen science to observe snow cover and develop a more spatially robust dataset for the Pacific Northwest.
Objective & methods
Motivated by the clear congruence between our data needs, public outreach goals, and the already-occurring citizen forays into the mountains, we began a citizen science project three years ago to document the timing of snow disappearance across the mountains of the Pacific Northwest. The project was initiated by a team of two university researchers at the University of Washington, and evolved into collaboration between three universities and a K12 outdoor science school. We detail our citizen science effort from the perspective of both researchers and educators, using the writing voice of the research institutions but including co-authors from both sides of the educational collaboration.
The project evolved substantially each year as we incorporated lessons from the successes and failures of the previous year. This citizen science effort was motivated first and foremost by a critical need for more distributed data across the greater Pacific Northwest region, rather than as a study of citizen science itself. Thus, evaluation efforts focused on quantifying the usable data received each year in an effort to understand what was working for meeting our scientific goals. To consider the success of the project in terms of public outreach, we informally assessed the experience of participants through written comments included in data submission and follow-up email communications and made adjustments accordingly.
Whereas the first two years were effective in increasing engagement with public stakeholders, the participation model that we utilized did not ultimately match our primary data needs. We therefore re-assessed the requirements for usable data and shifted our focus from public engagement to collaboration with an outdoor science school on the third year, effectively trading spatial coverage for usable temporal resolution. This tradeoff between breadth and depth has been previous identified as a potential difficulty facing researchers who delve into citizen science [Riesch, Potter and Davies, 2013] .
However, we found that the decision to change our focus from widespread participation to a single site was a turning point in the overall success of the project and a model from which the project could again expand in spatial scope. We therefore present the relevant experiences and lessons from three years of citizen science with a particular emphasis on the evolution of the project from public outreach to educational collaboration.
Results
Year one and two: the evolution of a citizen science effort
We originally envisioned the citizen science project as a crowdsourcing effort [Haklay, 2013; Howe, 2006] in which numerous participants, who were in the mountains during the spring and summer for other purposes (e.g. recreation), would document observations of the differential timing in snow disappearance between forested and open areas. In essence, we needed comparisons of snow presence between forested areas and meadows or clearings that would allow us to determine 1) where snow lasted longer in the forest versus an equivalent open area (or vice versa), and 2) how long the snow persisted in the forest after disappearing from the clearing (or vice versa).
In year one, we contacted our personal networks to solicit "beta testing" from people we knew who were likely to be in the mountains during the melt season, including researchers, a national park scientist, and mountaineers. We developed a questionnaire to record time and location details, relative snow presence, and opportunities for additional observations and feedback. We provided basic instructions in email communications and two formats for responding: an on-line Google form and a paper form. We received 12 electronic responses and 2 paper responses, from which we extracted five data points for the investigation.
Two key issues arose from the data. First, the location and physical data associated with each response were not always adequate; for example, a trail rather than a precise location would be given because the hiker either did not have a Global Positioning System (GPS) or had a GPS but did not have a convenient way to record their position. Second, the responses did not always contain the direct comparison between forest and open areas that we were interested in; for example, one response described the snow conditions above tree line. We additionally observed that we lacked both spatial and temporal resolution in the year one dataset, but we attributed our sparse dataset to the "soft" roll-out in year one.
Feedback from the participants communicated a general sense of enthusiasm for the scope of the project, but also reflected some of the same data issues. Participants commented that they thought they understood what observations to collect in the field, but then were unsure when it came time to fill out the form upon their return. The most complete observations came from a participant who routinely makes multi-day treks in the mountains and specifically requested that we provide a paper form that could be used to make notes while in the field. Our assessment from our year one experience was that we needed to streamline the data collection and submission process, to provide more explicit instructions, and to recruit more participants.
Thus, we began year two with a change in focus from recording written observations to collecting geotagged photographs, improved educational materials, and an effort to recruit many more participants to generate more data in both time and space. The advantage of geotagged photographs is that the metadata embedded in the photograph includes the key information, including date and time, latitude and longitude, and elevation, and they are easy to take with a smartphone or GPS-enabled camera [Wilson et al., 2015] We updated our website and written materials with education related to the project and re-tooled directions to describe 1) how to take a geotagged photograph, 2) what to take the photos of, and 3) how to submit the photos. We created a 2-minute YouTube video describing the project and how to participate (https://www.youtube.com/watch?v= JEmIV9vOXZ4). With the infrastructure in place, we reached out to the community via calls and emails to hiking organizations, emails to university and research groups, blog posts, presentations at conferences and professional meetings, and the personal networks of the research team. We embedded a Google Earth map into the project website to display observations as they were submitted next to our model predictions for the region. Judging from the abundant enthusiasm that we encountered, we prepared ourselves for numerous submissions and declared the public outreach goal of the project to be a success.
However, from the standpoint of usable data, the 28 photo submissions from 9 individuals that we received were less than we had hoped for, and the usability of the observations documented in photographs was highly variable. Participants in year two included hikers, mountaineers, and scientists doing other field research, and they provided positive feedback that they enjoyed contributing to the investigation. However, the range in the field of view of the photographs created challenges for data analysis, with submissions that ranged from landscape shots to photographs documenting local snowmelt features such as tree wells. With landscape shots, the geolocation of the photograph (i.e., the coordinates of the camera position) does not match the geolocation of the observation, nor indicate the topographic position of the subject (i.e., a north-facing versus south-facing slope). With close-up shots, the spatial context of the observations is not apparent, so drawing a conclusion about snow presence within a forest becomes difficult when looking at only a few trees.
Reflection: more data points or more engagement?
At the end of year two we substantially reconsidered our strategy and ultimately redesigned the project. To date, the observations that we had received were too sparse in both time and space to provide a meaningful way to bracket the difference in the timing of snow disappearance between the forest and the open. At best, photographs from a single location could tell us whether snow persisted longer in the forest or in the open but could not indicate the absolute difference in timing, which is critical to our investigation. We realized that even without issues of data quality, we would need many, many more observations for the approach of collecting geotagged photographs to be successful.
Upon reflection, we discovered a mismatch between the level of engagement and the numbers of participants that we needed for the dataset that we originally envisioned. We realized that our vision of participation fell between two common levels of citizen science engagement [Haklay, 2013] . We wanted participants to function at level 2 and make an informed decision about where to observe a fair comparison between snowpack in the forest and open and about the spatial scale at which to document that comparison. At the same time, we fundamentally needed a lot of data to bracket differential snowmelt timing over such a large region, which calls for a level 1 approach. Since the design of our project fell in between the two levels, the program did not successfully engage participants at either level. On one hand, our training resources and participation guidelines were not fully utilized by those who did participate which resulted in unusable data. Simultaneously, the extensive directions probably acted as a barrier to achieve widespread participation by making the process too complicated.
Additionally, a level 1 approach is perhaps most feasible when the subject of data collection is inherently interesting or photogenic, as in the case of birds or wildflowers. Snowy landscapes are frequently photographed, but close range views of melting snow have less general appeal. We briefly considered mining public repositories of photographs for the observations and locations of interest as previously tested for monitoring wildflower phenology on Mount Rainier [Wilson et al., 2015] However, we ruled this option out because the spatial scale of landscape photographs would limit our data quality, and the approach lacks a meaningful public outreach component We were left with a choice to make: focus on expanding participation in a simplified public project or focus in on training volunteers who would commit to making repeat observations in specific locations. Around the time that we were considering how to move forward, we became aware of the University of Idaho College of Natural Resources' McCall Outdoor Science School (MOSS), and quickly realized that a direct collaboration with an education program located in a region where we needed data could be a solution to meet both our data needs and our goal to involve public stakeholders. Thus, we shifted our focus from a public outreach to a collaboration, in which we would trade spatial coverage for informed participation and high temporal resolution via repeat observations.
Year three: collaboration with MOSS
From our first conversation it became apparent that a partnership between the research institutions and the MOSS would be mutually beneficial. MOSS is a residential outdoor science school serving more than 2500 students each year in week-long inquiry-based, place-based experiential science programs. Each week throughout the school year, groups of approximately 60-80 5 th -8 th grade students from a variety of locations throughout Idaho, Oregon and Washington travel to MOSS to spend a week attending school in the outdoors. Their instructors are graduate students enrolled in a graduate residency in environmental education through the University of Idaho's College of Natural Resources. The winter curriculum at MOSS focuses on snowpack dynamics, hydrology, winter ecology and energy balances, so the citizen science project was a natural complement to the existing curriculum. MOSS instructors lead field groups of 8-12 students into snow-covered, forested field sites on a weekly basis to collect snow data, resulting in groups who are well-positioned to constrain the timing of snow disappearance to a weekly temporal resolution.
The structured, educational data collection program implemented at MOSS is atypical from the standpoint of a traditional citizen science project in which volunteer citizens participate on an ad hoc basis. However, the program also very clearly fits the model for best practices related to involving citizens in scientific research that was developed by the Cornell Lab of Ornithology, which has famously led large-scale successful citizen science projects such as Project Feederwatch and the Great Backyard Bird Count [Bonney et al., 2009] . The Cornell citizen science framework served as a guide for developing the collaboration and provides guidance for reflection on successes and possible improvements. For our experience the first steps in the framework were already complete by the time we initiated the collaboration, including choosing a scientific question and forming the collaborative team.
The key step that was essential to complete together was to adjust and test protocols and materials for implementation in the MOSS program. This step was initiated via conversations about the nature of the data collection needs and the MOSS program, with both the research team and the MOSS team trying to understand how one would most easily and beneficially fit into the other. Since the MOSS program already includes instructor-led field excursions and field data recording on tablet computers, we decided to 1) standardize the locations which each instructor would visit each week so as to collect repeat observations in the same place, 2) design protocols to include taking photographs to record observations (Figure 1b) , and 3) build a web-based form for data entry of estimated snow cover (Figure 1c) . The research team provided initial protocols and drafts of web forms, with iterative feedback from the MOSS team as to the fit for their curriculum and logistics. The MOSS team was responsible for site selection and training of graduate students, with feedback and contributions from the research team via a video seminar.
By incorporating two forms of data collection in the protocols, including photographs and field-based estimates, we met the dual goals of collecting quality data and providing students a means by which to see their contribution to the project. The fraction of snow-covered area in each cardinal direction was estimated for the forested and open portions of each site, entered into the web form while in the field, and then automatically averaged and displayed as a time series plot ( Figure 1c) . As a subjective estimate, these numbers could then be validated via quantitative image analysis.
Although the program seemed to be a perfect fit in many ways, the implementation into the MOSS curriculum was not without challenges. Each graduate instructor was responsible for visiting their site every other week, ideally with their students, but this did not always happen. Reaching a fixed site via snowshoes during field instruction was occasionally limited by students' physical abilities and stamina, as well as bad weather. Future integration of the data collection into instructor training will help to define it as an integral part of the educational experience rather than an additional task. Other challenges were encountered during the key step of recruiting participants for a citizen science program; in this case recruitment was easy since the data collection was integrated into the overall educational program. However, we suspect that the fact that participation was not entirely voluntary did occasionally result in a lack of motivation on the part of the instructors. Based on informal conversations with instructors we determined that their level of commitment varied between those who were motivated by the educational opportunity of collecting data relevant to a research investigation, to those with lower interest due to difficulty getting to the site, lack of understanding of the importance of the work, or lack of understanding how to incorporate the data collection into the rest of the field curriculum. For the future we would implement facetoface meetings between the research team and the graduate instructors to instill a sense of why the research matters. Although such a meeting is not possible with the student groups we are also considering making an introductory movie or meeting with students each week via video-conferencing technology.
From the perspective of MOSS, the citizen science program provides a promising way in which to connect educational activities to scientific practice. In addition to content exploration, the MOSS curriculum focuses on engaging students in the process of doing science, so partnering with research projects provides a way for students to connect with real scientists, and to see their data contribute to an on-going investigation. Previous studies have demonstrated that citizen science provides a platform on which science process skills can be practiced [Trumbull et al., 2000] , and that participants show an increased support for science, scientific literacy, and sense of connection to the environment [Conrad and Hilchey, 2011] . Future iterations of this project at MOSS could include a formal evaluation of the participation experience of both students and graduate instructors in order to measure any or all of these learning outcomes and enhance our understanding of how to improve the program.
From a research perspective, we drastically limited the spatial scope of our citizen science project by abandoning our dispersed approach and partnering with MOSS for improved temporal data resolution. However, there are three key scientific reasons that this partnership proved more successful than previous years: 1) the data collected by students and instructors conformed to standardized protocols and were therefore high quality, 2) repeat observations through time were collected at a scientifically relevant time step, and 3) observations at the MOSS field site fill a spatial data gap for the project. For all of these reasons the MOSS dataset is being incorporated into the regional investigation, and represents important field data from a geographic and climatic data gap. As the only data from central Idaho, these observations record forest-snow interactions that are specific to a colder, continental/maritime climate regime.
Conclusion
Overall, two key lessons arose from our three year experience with citizen science: 1) the data collection needed for the investigation needs to align with the strengths of the citizen science approach, and 2) the level of participation needed from the audience needs to align with both the regular activities and interests of the audience and the type of data being collected. For us, the first lesson was built into our approach when we recognized that this would be an ideal citizen science project. We are investigating processes that are difficult to model but straightforward to observe for someone who is in the right place at the right time.
Thus, from the beginning we recognized that the data needed for this investigation would align well with a citizen science approach.
The second lesson was learned via the successes and failures over three years. In scaling up from year one to year two we focused on expanding participation in order to develop a spatially and temporally dense dataset. However, the flaw in this approach was that the level of engagement was mismatched with the numbers needed to achieve the desired dataset. Whereas we needed participants to collect data in an informed and thoughtful way, we also needed a large quantity of data that would be more readily achievable by engaging a large number of participants. Thus, we chose to compromise broad spatial coverage for quality data and changed our focus from engaging the public to engaging an organization that makes repeat trips to the same locations. We gave up the desired spatial resolution but achieved the temporal resolution and structured data collection that resulted in a usable dataset.
Through trial and error, we better defined the parameters for the collection of usable data, and we recognized that we either needed orders of magnitude more data in order to filter out the unusable data, or we needed our participants to follow specific instructions. We therefore honed in on the style of citizen science that resulted in success for the partnership and success for the investigation. In connecting with MOSS, we partnered with an organization that was already collecting similar data and that was seeking ways to make educational data collection more meaningful for students via connection with a research effort. Furthermore, the pilot program with MOSS has the potential to be replicated with other schools or organizations that are already making repeat visits to locations of interest throughout the snow season. Possible future partners include outdoor education centers located in mountainous or snowy regions, as well as organized recreational groups, such as snowmobiling clubs that make repeat trips along certain trails. In addition to the potential application of the approach described herein to other distributed snow studies, any scientific project to employ a citizen science for collecting distributed data may benefit from consideration of a spatially targeted approach.
In conclusion, our three year journey with citizen science resulted in meaningful connections with a wide range of interested individuals and organizations. In addition to the benefits of communicating current research to the public and supporting the educational goals of MOSS, the effort resulted in a temporally consistent dataset that filled a single spatial data gap in our regional analysis of forest influences on the timing of snow disappearance.
